Existence, Stability and Controllability Results for a Class
of Switched Evolution System with Impulses over Arbitrary
Time Domain

Vipin Kumar!, Amar Debbouche?, Juan J. Nieto?

IMax-Planck Institute for Dynamics of Complex Technical Systems, 39106 Magdeburg, Germany
vkumar@mpi-magdeburg.mpg.de

2Department of Mathematics, Guelma University, Guelma 24000, Algeria.
amar_debbouche@yahoo.fr

3Instituto de Matematicas, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain.
juanjose.nieto.roig@usc.es

Abstract: We establish several qualitative properties of a neutral switched impulsive evolution system on
an arbitrary time domain by using the theory of time scales. This is the first attempt for switched evolution
systems with impulses in abstract spaces. Firstly, we investigate the existence of a unique solution and
Ulam’s type stability results. After that, we establish the total controllability results, i.e., controllability
not only with respect to the endpoint of the interval but also on the impulsive points. We transform the
controllability problem into a solvability problem of an operator equation. We used the Banach fixed point
theory and evolution operator theory to establish these results. To illustrate the effectiveness and implications
of the developed results, we provide theoretical and simulated numerical examples for different time domains.
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1 Introduction

Controllability is one of the most important qualitative properties of the modern mathematical control theory.
In general, controllability denotes the ability to steer the state of a dynamical control system from an initial
state to the desired final state by using a suitable control function. Since the seminal work by Kalman (1963)
for finite-dimensional linear systems, controllability has been a very active area of research. In the last few
decades, many authors investigated the controllability results for nonlinear dynamic systems in both finite
and infinite-dimensional spaces by using the fixed point technique, see for instance (Joshi and George, 1989;
Agarwal et al., 2009; Fu, 2003; Zhou, 1984), and the cited references therein. Another important notion of
mathematical analysis which is very useful in many fields of applied sciences and engineering is dedicated
to stability analysis. In the existing literature, there are numerous concepts of stability like Mittag-Leffler
stability, finite-time stability, h-stability, exponential and Lyapunov stability. A particular type of stability
called Ulam-Hyers stability was introduced by Ulam (1940) and Hyers (1941). Obtoza (1993), was the
first researcher who established the Ulam-Hyers type stability of the finite-dimensional linear differential



equations. Thereafter, many authors investigated the Ulam-Hyers type stability results for different types of
dynamic systems, please see (Miura et al., 2001; Jung, 2004; Popa and Rasa, 2011; Wang et al., 2012), and
the references cited therein.

On the other side, in many real-world problems, systems have some sudden changes in their state, such
sudden changes are known as the impulsive effect in the system and the corresponding differential equations
are known as the impulsive differential equations. It is observed that these types of equations have many
applications in various areas of science and engineering, for instance, in control systems with communica-
tion constraints, sampled-data systems, mechanical systems, and networked control systems with scheduling
protocol (Liu and Willms, 1995; Yang and Chua, 1997, etc.). In the existing literature, there are mainly
two kinds of impulses, one is the instantaneous impulses, where the duration of these sudden changes is very
small in comparison with the duration of the entire evolution process, for instance in shocks and natural
disasters. The models in such cases are modelled by using the instantaneous impulsive differential equa-
tions. The second one is the non-instantaneous impulses, where the duration of these sudden changes starts
impulsively at some points and continues over a finite-time interval. For example, in some real biological
medical problems, the introduction of a drug or a vaccine in the bloodstream is a gradual process, then one
is forced to consider the drug or vaccine as a non-instantaneous impulse since it starts abruptly and remains
active for a finite time interval. The models in such cases are modelled by using the non-instantaneous
impulsive differential equations. Since, in practicality, there is no impulse that occurs instantaneously rather
it is non-instantaneous howsoever time of occurrence of impulse is small. Therefore, it is advantageous to
study a class of differential equations with non-instantaneous impulses. Recently, few authors established the
different types of results such as the existence of solutions, stability, and controllability for non-instantaneous
impulsive systems by using the theory of analytic semigroup, fixed-point methods, and variational method,
see for instance (Herndndez and O’Regan, 2013; Kumar et al., 2021b; Liu et al., 2018; Luo and Luo, 2020;
Wang and Feckan, 2018; Wang and Feckan, 2015; Wang et al., 2017; Kavitha et al., 2020; Abbas and Ben-
chohra, 2015). However, these results cannot be easily extended to the case of switched impulsive systems
on an arbitrary time domain.

Switched systems consist of a family of subsystems and a switching rule that orchestrates the switching
between them. This class of systems has received significant attention because of their broad applications
in many useful engineering systems, for example, the following phenomena evolve switching behavior: the
dynamics of a vehicle changing unexpectedly because of wheels bolting and opening on ice, airplane entering,
intersection and leaving an air traffic control area, biological cells developing and separating, a thermostat
turning the heat on and off, a valve or a power switch opening and closing (Sun et al., 2011; Yu et al., 2008;
Zhang et al., 2016). Stability and controllability are the important studied problems for this class of systems,
and in recent years, many researchers have focused on stability and controllability results of the switched
dynamic systems (Babiarz et al., 2016; Liberzon et al., 1999; Zhou et al., 2020). Furthermore, in many
switched systems, at the time of switching there arise some impulse effects and hence it is very beneficial
to investigate the switched systems with impulsive conditions. Recently, few authors studied the switched
systems with instantaneous impulses, see for instance (Wang et al., 2004; Xie and Wang, 2004; Zhao and
Sun, 2010).

However, all the above-mentioned results on existence, stability, and controllability are true for either
discrete-time systems or continuous-time systems. Apart from the discrete and continuous-time systems, a
wide class of systems exists, wherein the time domain is neither discrete nor continuous. For example, to
study the dynamic behavior of some special species like Magicicada septendecim, Magicicada cassinii, and
Pharaoh cicada, we need a particular time domain of form (Bohner and Peterson, 2001)

T = Jli(a+0),i(a+b)+b], a,beR*.
=1



Also, to study the behavior of a simple electric circuit with resistance R, inductance L and capacitance C,
if at every time unit we discharge the capacitor periodically and assume that the discharging takes a small
0 > 0 time unit, we need the time domain of the form (Bohner and Peterson, 2001)

T=JMi+1-90]

1€Np

Since these models cannot be studied by using discrete or continuous dynamic systems but time scale theory
can be used to address such systems. This theory was first introduced by Hilger (1988) in his Ph.D. thesis
to unify and extend the discrete and continuous analysis into a general framework. A time scale, denoted by
T, is an arbitrary non-empty closed subset of real numbers. The most common examples of time scales are
R,Z and hZ (where h > 0). The results obtained on time scales are valid for the continuous-time systems
(by setting the time scales to be real numbers T = R), the discrete dynamic systems (by setting the time
scales to be integers T = Z) and as well as for any non-uniform time domains (a discrete non-uniform domain
or the combination of discrete points with continuous intervals) which are very useful in the study of many
complex dynamic systems. For further study on time scales, we refer to the books (Bohner and Peterson,
2001, 2003).

Nowadays, the notion of time scales theory has been attracting a lot of interest from many researchers.
In recent years, few authors studied the finite-dimensional dynamic systems on time scales and investigated
the existence of solutions, Ulam-Hyers type stability, and controllability results, see for instance (Andras and
Meészaros, 2013; Bohner and Wintz, 2012; Davis et al., 2009; Lupulescu and Younus, 2011; Malik and Kumar,
2020; Shen and Li, 2019; Zada et al., 2017; Shah and Zada, 2019, 2022; Ben Nasser et al., 2021; Yasmin et al.,
2020; Pervaiz et al., 2021). Particularly, in (Andrds and Mészaros, 2013), the authors studied the Ulam-
Hyers stability of linear and nonlinear dynamic equations and integral equations on time scales by using the
theory of Picard operators. The work in (Davis et al., 2009), focused on the stability, controllability, and
observability of the linear dynamic systems on time scales while in Lupulescu and Younus (2011), the authors
extend the controllability and observability results of (Davis et al., 2009) to the time-varying systems with
instantaneous impulses on time scales. In (Malik and Kumar, 2020), the authors established the existence
of a unique solution, Ulam-Hyers stability, and controllability results for a Volterra integro-dynamic system
with non-instantaneous impulses on time scales. In (Pervaiz et al., 2021), the authors considered the finite-
dimensional fractional delay dynamical systems with instantaneous and non-instantaneous impulses on time
scales and studied the stability and controllability results. Further, some results related to stability and
controllability for finite-dimensional switched dynamic systems on time scales were addressed in the literature
(Kumar et al., 2020; Kumar et al., 2021a; Lu and Zhang, 2019; Taousser et al., 2019). In particular, the work
in (Kumar et al., 2020), focused on the total controllability of a class of switched impulsive dynamic systems
with non-instantaneous impulses on time scales by using the parameter variation method and Gramian types
matrices. In Kumar et al. (2021a), the authors examined the stability results for switched dynamic systems
on arbitrary time domain by using the Lyapunov function and time scales theory. However, only a few
researchers studied the stability, existence of almost periodic, periodic solutions, and controllability results
of abstract equations on arbitrary time domain by using the time scale theory (Dhama and Abbas, 2019;
Kumar and Malik, 2019; Kumar et al., 2021; Wang and Agarwal, 2014). In (Kumar and Malik, 2019), the
authors studied the Ulam-Hyers stability and controllability results of non-linear evolution systems with
instantaneous impulses on time scales by using the Banach fixed point theorem while in (Kumar et al., 2021),
the authors investigated the existence of a unique solution, stability and controllability results for an abstract
integro-hybrid evolution system with non-instantaneous impulses on time scales.

Nevertheless, all the above-mentioned works cannot be easily extended for the switched dynamic system
with non-instantaneous impulses on time scales in infinite-dimensional spaces. To the best of our knowledge,



there is no work reported that discussed the switched dynamic evolution system with non-instantaneous
impulses over the arbitrary time domain. The inclusion of impulses, infinite-dimensional states, switching,
and time scales requires a high level of abstraction. Therefore, in this manuscript, we investigate the existence
of unique solution, stability, and controllability results for a class of switched dynamic evolution systems with
non-instantaneous impulses on an arbitrary time scale in infinite-dimensional spaces by applying the fixed
point technique with evolution operator theory.

e We consider a new class of neutral switched evolution systems with non-instantaneous impulses in the
abstract spaces over the arbitrary time domain and formulated by the time scales theory.

e We use the concept of piecewise continuous mild solution to construct a suitable operator and with the
help of this operator, we derived the existence of solution and Ulam-Hyers stability.

e We also define a new piecewise control function and study the total controllability result.

e We apply the fixed point technique with evolution operator and time scales theory to study these
results.

e We provide some theoretical and simulated numerical examples with different time domains to illustrate
the obtained analytical results.

The remainder of the manuscript is structured as follows: In Section 2, we give the problem of the
statement. In Section 3, we review some preliminaries, important definitions, and significant lemmas. In
Sections 4 and 5, we examine the existence and stability results for switched dynamic evolution systems
with impulses on time scales, respectively. Section 6 is dedicated to study the controllability issue for the
considered systems. In the last Section 7, we present some theoretical and numerical examples to illustrate
the effectiveness of the obtained analytical outcomes.

Notations: Throughout this manuscript, T denotes the time scales and I = [0, Tt for T'> 0. (X, -||)
denotes the Banach space X under the induced norm || - || and Id denotes the identity operator in X. C(I, X)
denotes the set of all continuous functions from I into X. The set of all linear bounded operators from X
into X is denoted by B(X). Also, we denote the set of all square Lebesgue integrable functions from I to X
by L*(I, X).

2 Problem Formulation

In this section, we will introduce our statement of the problem.
We consider the following neutral evolution dynamic system in a Banach space X

[z(t) — Tvl"(t) (t,2a(t))]® = Ay (O)[2(8) = Togry (£ 2a(t))] + Wy (8, 23(2)), ¢ € ULg(si, tia]m,
x(t) = Wfti(t — )R (G a(t)AC, e (ti,sil, i =1,2,...,9, (2.1)
x(0) = xo

and investigate the existence, uniqueness and stability results. Also, we establish the controllability results,
of the following control system

[2(t) — T{(t) (t, 20 ()] = Ary(O)[2(t) — Tpiay (£, 2a (1)) + Bryult) + oy (8, m3(t)), ¢ € Ui, tiga]r,
a(t) = el St = O (¢ 3t )AG, tE (tisilr, i =1,2,...,,

z(0) = xo,
(2.2)



where z is the state function; T is a time scale; z,(t) = z(a(t)), zp(t) = x(b(t)), where a,b : I — I are the
delay functions with a(t),b(t) < ¢ for all ¢ € I; I'(-) denotes the usual gamma function; v € (0,1); ¢; and
s; € T are some points which satisfy the relation 0 = sg = tg < t1 < 51 < tg < ... < 89 < tyy1 = T
z(t7) = limg_o+ z(t; — k) and z(t}) = limy_o+ 2(t; + k), @ = 1,2,...,7, denote the left and right limit
of x(t) at t = t;, respectively; r(t) is the switching law to be defined later; the family of bounded linear
operators A, (t) generate the evolution operators {74, )(t,s) : (t,s) € IXI:0<s <t < T} By
are linear bounded operators from a Banach space U to X; u € L?(I,U) is a control function, U is called
the control space; the functions Y, ), W, (), and R, ;) are satisfying some suitable conditions which will be
specified later.

The switching signal r : I +— {0,1,...,9} is assumed to be known and satisfies the minimal dwell time
condition. It only changes its values at switching times ¢;. The discrete state r(t) € {0,1,...,9} determines
the actual system dynamics among the possible operating modes which corresponds to a specific instance of
Ai(t), Bi(t), T;, ¥;, and N;. That is to say,

r(t) =i, t; <t<tip1, i=0,1,...,9.

Subsequently, using the above switching law in systems (2.1) and (2.2), we get the following class of evolution
switched systems

[2(t) = Yilt, za(D)]® = A1) () = Tilt, za(t))] + Vilt, (1), ¢ € UL g(50, tisa]r, (2.3a)
o(t) = r(ly) /:(t L OTIRC 2 ()AL, tE (fiysilm i = 1,2, 0, (2.3b)
z(0) = xg (2.3¢)
and
[2(t) — Ti(t, 20 ()] = As(O)[2(t) — Ti(t, za(t))] + Biu(t) + (L, 2p(t)), t € UY_g(si, tig1]r, (2.4a)
x(t) = 1“(17) /t;(t — ()“’_lNi(C,x(t;))A(, t e (t,silr, 1=1,2,...,0, (2.4b)
z(0) = zo, (2.4c)

respectively. Now onwards, we study the systems (2.3a)-(2.3c) and (2.4a)-(2.4b).
Here, we are giving a brief description of the problem (2.3a)-(2.3c)(or (2.4a)-(2.4c)).

e 1(t) satisfies the dynamic equation (2.3a)(or 2.4a) when ¢ € (0, ¢1]r.
e (t) is given by the equation (2.3b)(or (2.4b)) when t € (t1, s1]T.
e 1(t) satisfies the dynamic equation (2.3a)(or (2.4a)) when t € (s1, to]T.

o After repeating this process, on the interval (sy,ty4+1]r, 2(t) satisfies the dynamic equation (2.3a)(or
(2.4a)) and on the interval (sy,ty41]T, () is given by the equation (2.3b)(or (2.4b)).

Graphically, this means that the solution z(¢) satisfies the dynamic equation (2.3a) on the black intervals
(Sistivi]T, ©=0,1,...,9 and the equation (2.3b) on the red intervals (¢;, s;Jt, i =1,2,...,9.
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Figure 1: Description of statement of problem (2.3a)-(2.3¢c) (or (2.4a)-(2.4c))

3 Preliminaries and Definitions

In this section, we introduce the basic concept of the time scales theory as it is laid out in all detail in the
textbook (Bohner and Peterson, 2001).

We define a time scales interval by [a,bly = {t € T : @ <t < b}. Similarly, we can define some other time
scales intervals like (a, b)T, [a, b)T and so on.

Next, we define some fundamental operators which are frequently used throughout the manuscript.

Definition 3.1 ((Bohner and Peterson, 2001), Def. 1.1). The forward jump operator o(T,T) is defined by
o(t)=inf{s € T:s>t}

with the substitution inf () = sup T.

Definition 3.2 ((Bohner and Peterson, 2001), Def. 1.1). The backward jump operator p(T,T) is defined by
p(t) =sup{s € T:s <t}

with the substitution sup () = inf T.

Remark 3.3. The graininess operator (T, [0,00)) is defined by pu(t) = o(t) —t for allt € T. Now onwards,
we set L = supycy p(t).

A point t € T is called left dense if ¢ > inf T and p(t) = ¢, left dense if t < sup T and o(t) = ¢, dense if it
is left and right dense at the same time, left-scattered if p(¢) < ¢, and right-scattered if o(¢) > ¢.
We define the set T* as follows:

g — ) T\ (p(sup(T)),sup(T)] if supT < oo
T if supT = oo.

In the next definition, we define the delta-derivative which generalized the concept of differentiation to
time scales.

Definition 3.4 ((Bohner and Peterson, 2001), Def. 1.10). A function ¢(T,R) is called delta differentiable
at the point t € T%, if there exists a number ¢™(t) such that for any € > 0, there exists a neighborhood U of
t such that

[6(a(t) = ¢(s)] — 2 (D)]o(t) — s]| < e|a(t) — s,
holds for all s € U. We call p2(t) the delta derivative of ¢ at t.

Remark 3.5. In the above definition, if we set T = Z, then ¢™(t) = ¢(t + 1) — ¢(t), which is the forward
difference of ¢(t) while if we set T =R, then ¢™(t) = ¢'(t), which is the usual derivative of ¢(t).

Next, we define the delta-integral which generalized the ordinary integral to time scales.

Definition 3.6 ((Bohner and Peterson, 2001), Def. 1.71). A function ®(T,R) is called an antiderivative of
a function ¢(T,R) provided ®>(t) = ¢(t) holds for all t € T*. We define the Cauchy integral by

t¢(C)AC = ®(t) — P(to) for all t,ty € T.
to

6



Definition 3.7 ((Bohner and Peterson, 2001), Def. 1.57). A function f(T,R) is called requlated if its right-
hand limit exist (finite) at all right-dense points in T and its left-hand limit exist (finite) at all left-dense
points in T.

A function f(T,R) is called rd-continuous, if it is regulated and it is continuous at all right-dense points.
Moreover, function f is called piecewise rd-continuous if it is regulated and rd-continuous at all, except
possibly at finitely many, right-dense points in T.

All other concepts related to time scales used in this paper can be found in (Bohner and Peterson, 2001).

To define the exponential function on time scales, we first define the regressive functions as follows.

Definition 3.8 ((Bohner and Peterson, 2001), Def. 2.25). We say that a function q : T — R is regressive
provided
1+ pu(t)q(t) #0 for allt € T®

holds

In the next definition, we define the generalized exponential function which generalized the concept of
ordinary exponential function to time scales.

Definition 3.9 ((Bohner and Peterson, 2001), Def. 2.30). Let q be regressive, then we define the exponential
function is defined as

t
q(t,5) = exp ( [ o <q<<>>Ac) fort,s €T,

where

1 .
Cuts) (a(5)) = (s o9+ als)u(s)),if uls) £ 0,

q(s), if u(s) = 0.

In the above definition, exp and Log are the usual exponential and logarithmic functions, respectively.
The next properties of exponential function on time scales are often used in the main results.

Theorem 3.10 ((Bohner and Peterson, 2001), Theorem 2.36). Let g be regressive, then
(i) eo(t,s) =1 and eq(t,t) = 1. (ii) eq(o(t),s) = (14 u(t)q(t))eq(t,s).

(111) eq(t,s)eq(s,C) = eq(t, Q). (iv) eq(t,s) = ) = egq(s, t).

eq(s,t

Lemma 3.11 ((Dhama and Abbas, 2019), Lemma 2.12). Let v > 0 and t,s € T, then ecy(t,s) < 1.

Next, we give some basic definitions related to evolution operator family which are often used throughout
the manuscript.

Definition 3.12 ((Wang and Agarwal, 2014), Def. 4.1). A two-parameter family T (t,s) : I x I — B(X) is
called a linear evolution operator if the following hold:

(i) T(t,t)=1d.
(i) T(t,r)T(r,s) =T(t,s) for0<s<r<t<T.

(iii) For any fized x € X, (t,s) — T (t,s)x is continuous mapping.



Definition 3.13 ((Wang and Agarwal, 2014), Def. 4.2). Let T (t,s) be an evolution operator, then it is called
exponentially stable if there exist C > 1 and v > 0 such that

[Tt 8)ll < Ceen(t, ), t = s.

Before defining the mild solution of the considered class of switched impulsive evolution system (2.3a)-
(2.3c), we first provide the mild solution of the corresponding semilinear evolution system.
Let us consider the following semillinear evolution system

2 (t) = Ao(t)z(t) + Wo(t, z(t)), z(0) = zo, t € (0,11]r. (3.5)
Definition 3.14 ((Wang and Agarwal, 2014), Def. 4.3). A function x € C(I,X) is called a mild solution of
(3.5) if x(t) satisfies the following integral equation

t
$(t) = TAo(t) (t’ 0)1‘0 + /(; TAo(t) (t,O'(C))\I’O(C,l‘(C))AC, te (Oa tl]Ta

where Ty, (t, s) denotes the linear evolution operator generated by Ao(t) on (0,t1]r.

For the notational convenience, now onwards we set 7;(t, s) for Ty, (¢, s).

Now to define the solution of the considered problems (2.3a)-(2.3c) and (2.4a)-(2.4c), we define the space of
piecewise continuous functions PC(I,X) ={z:I — X : z € C((t;,tix1]T,X), i =0,1,...,9 and there exist
z(t;) and x(t]), i =1,2,...,9, with 2(t;) = 2(t;)}. It can be seen easily that PC(I, X) is a Banach space
endowed with the sup norm ||z|p = sup,c; ||z(t)||. Further, we define PC'(I,X) = {x € PC(I,X) : 2 €
PC(I,X)}. Clearly, PC'(I, X) forms a Banach space endowed with the norm ||z|| pc1 = max{||z||p, ||z*||p}.

Next, by Definition 3.14 and definition 2.2 of (Kavitha et al., 2020), we can define the solution of the
system (2.3a)-(2.3c) as follows.

Definition 3.15 ((Kavitha et al., 2020), Def. 2.2). A function x € PC(I, X) is called a mild solution f the
system (2.3a)-(2.3c), if x(t) satisfies the following

(i) 2(0) = zo;
(ii) x(t) = r(ly)fti-(t — O)TIR(G 2(E)AC, tE (i silr, i=1,2,...,0
and the following integral equations
t
z(t) = To(t, 0)[zo — Yo(0, 0)] + To(t, za(t)) + /0 To(t, () Po(C, 26(C))AC (3.6)

for allt € (0,t1]r and

- SiS'_ =1y, 2(t _ (oo x5 ' .
F(’y)/ti (8i = O N(C 2(t; ) AC = Yi(si, a 1))] + Yi(t, za(t))

+ [ Tt ouc a@)AC (37)

() = Tit,s9)|

forallt e (Si,ti—&-l]% 1=1,2,...,0.



Now, we set the following standard and feasible assumptions on the non-linear functions Y;, ¥; and X;,
which are often used to establish the existence of a unique solution.

(A1) (Wang and Feckan, 2015; Kumar et al., 2021b): The functions Y;, ¥; : Ty x X — X, Ty = U?:o [Siy tit1]T
are continuous. Also, there exist positive constants Ly, and Ly,,7 = 0,1,...,7, such that

(a) ||X(t,x1) — Yi(t, z2)| < Lv,||z1 — 22| for all 1,22 € X and t € Tp.
(b) ||W;(t,x1) — Vi(t, z2)|| < Ly,||z1 — x2|| for all z1, 22 € X and t € Tp.

(A2) (Wang and Feckan, 2015; Kumar et al., 2021b): The functions N; : T; x X — X, T; = [ti, si]1, © =
1,2,...,1, are continuous. Also, there exist positive constants Ly,,7 = 1,2,...,, such that

IN; (¢, 1) — R;(t, x2)|| < Ly, ||z1 — 2| for all 1,22 € X and ¢ € T;.

(A3) (Wang and Agarwal, 2014): {A;(t) : t € Tp} generate the exponentially stable evolution operators
{Ti(t,s) : t > s}, i.e., there exist C > 1 and v > 0 such that || 7;(t,s)|| < Cecy(t,s) foralli =0,1,...,7
and t > s.

For the notational convenience, we set
Ly = max;—o1,. 9{Lr,}, Lv =maxj—o 1, 9{Lw,}, Lx =max;—12, _g{Ly,};

1T;(t,0)[| < M, SUP¢er, §=0,1,...,9

SUPter, i=0,1,...,9 W (t,0)]| < My, SUP¢er, §=1,2,...,9 [N;(¢,0)|| < My;

CMy(1+ pv CLy(1+ pv
No = Clllzol + (0, o) + gy + LRI, gy, ey S Qb ),
My CMy(1+ ) < LyT" ) CLy(1 + fiv)
No=C|——+My | +My+———" N3=C| 55—~ +Ly |+ L+ — 77—
i <F(7+1) T) ' v BERANNCE VRV v

4 Existence and Uniqueness Result

Here, we establish the existence of a unique solution by using the Banach contraction principle with evolution
operator theory.

Theorem 4.1. If the assumptions (A1)-(A3) hold, then the switched system (2.3a)-(2.3c) has a unique
solution, provided N3 < 1.

Proof. Let us define a subset D; C PC(I, X)) such that
D1 ={zx € PC(I,X) : ||z||p <1},

where

51— max{ No MRT” Ny }
b 1-Ns’ T(y+1)(1—N3)’ 1—NgJ~
Now, we define an operator f 1 : Dy — D1 such that
%fta 0)[‘T0 - TO(Oa :EO)] + To(ta :L‘a(t)) + fg%(tvJ(C))Q0(<7xb(<))AC’ te (Oatl]Ta
t —1 — .
—_— t— )N (C, 2 (T AC, te (t, s, 1=1,2,...,9,
By = O INCHEDAC € (tosil

Tilt,s:) [F(lv) s — O IR(C w(E)AC — msi,xa(si))]
+Ti(t,$a(t)) + fstl ﬁ(t,U(C)‘I’Z(C,x“C))AC, te (Si;ti—&-lh‘, 7= 1, 2, “e ,19.

9



Now, we dived the proof into the following two steps:
Step 1: Here, we will show that f 1 maps D; into Dy. Let for any ¢ € (0,¢;|t and « € Dy, we have

[(F1)t] < Ceaw (¢, 0)[[lzoll + 1To(0, zo)[] + To(t, za(t))]] + C/O eow(t, a(O)[Wo(C, 26(C)) [ AC

< Ceew(t, 0){llzoll + 11To(0, zo)I] + Lovg lza(B)]] + My + C/O eew(t, () (Lwol[zo(C) + Mw) A

C(Lwo supefo )y 126 + Mw)(1 + av)

< Ceeu(t, 0)[llzoll + [[To(0, zo)ll] + Ly lza(®) ]| + My + ”

CLq;051 (1 + ﬂV)
14

< No+ Lyd +

< No + N1d1 < No + N3dy
< 5. (4.8)

Now, for any t € (¢;, si|t, ¢ =1,2,...,9, and x € Dy,

L ' —OVHIN(C 2 (t
I(F 1)) < 5 / (t— O NG () | AC

- T
= 1/t<t—<>v-lrm-<c £(57)) — Ri(C,0) + Ri(C, 0)| AC
_F(")/) " ACY} i ACY) ARY
1 t _ _
< 5 / (t— ™ (L, (87 | + M)A

(LNiél + M}O(i — tz‘)’y
(v +1)
MyT”
T Ty +1D)
<5 (4.9)

IA

+ N3dq

Similarly, for any ¢ € (s;, ti11]r, ¢ =1,2,...,9 and x € Dy,

|(F 1)t < Ceanlt, ) Hw | o Gt A+ Hmsi,xa(si)m] it 2a(0)]
s / et (O TG () 1AC

< Ceanltos) |y [ (50 = O Bt + MRIAC + Iy la(s)] + Mz | + L, (0]

t
+ My +C €@u(t7 U(C)(L\PZH%(C)H + M‘P)AC

Si

Ly ||zt )| + Mp)t)
< Ceau(t, 54) [( et RSS!

+ L [[za(si)ll + Mo | + Lo, [[za (0)|| + My

L(v+1)

L S Sy, s [ + M) + i)
v

< Nz + N3dy
< 4. (4.10)
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From the above equations (4.8), (4.9) and (4.10), for all ¢ € I, we have
[Fiz]p < b1

Hence, f 1 maps D; into D1.
Step 2: Here, we shall show that the operator F; is a contracting operator. Let for any ¢ € (0,17 and
x,y € D1, we have

1(F1z)t = (Fay)tl] < [ To(t, za(t)) — Tolt, ya(t))] + C/O eew(t, 0(0))1Wo(¢, 2(€)) — Po(C, wa(O) I AC

< Lyollza(t) — ya ()] + C/O ecw(t,0(C)) Ly [|25(C) — yn(O) [ AC

Ly, supieqo i)r 126(t) — yp(D)I[(1 + i)
14

C
< Ly llza(t) = ya ()] +

CL\I;O(l + ﬂV) H
v

< (oro+ 2~ ylp

< Nsfla - yllp. (4.11)

Now, for any t € (¢;, 5], 1 =1,2,...,¢ and x,y € Dy,
\(F 1)t — (Frg)t]| < F(lw /:@ O LIRAC 2(8)) — Re(Cw(t)) 1 AC

1 t _ _ _
<5 / (t— ) L l2(t7) — () | AC

Ly, (t —t;)"
< —2~ 7 —
< Nsllz —yllp (4.12)

Similarly, for any t € (s;, tisa]r, i =1,2,...,9 and z,y € Dy,
|(F 1)t = (F )t < Ceaw(t.s0) [F(lw /( TN () = RalCy(E))IAC
053, 1)) — Ti<si,ya<sz~>>|@ It wa(®) — Tt ya0))]
+€ [ ot a0 ~ (O
< Cenlt, ) [1 [ o= 0 e e) = 1A+ D) — (s
)

Ly, |l=(t;) — y(t;7)|1t]
< Ceon(t, 5:) (L Nlz(t;) =yt )t

+ Ly l|7a(si) = Ya(si)ll | + Lo llza(t) = ya(®)]]

P(y+1)
N C(Lw, SuPsels; t,1)r 176(t) — yp ()| + Mw)(1 + fiv)
14
< N[z —y|p. (4.13)
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From the above equations (4.11), (4.12) and (4.13), for all ¢ € I, we have
[F1z = Fiyllp < Nsllz — yllp.

Hence, F is a contracting operator.
Now collecting the step 1 and step 2 along with the Banach contraction principle, we can conclude that
the operator F; has a unique fixed point which is the solution of the systems (2.3a)-(2.3c). O

Remark 4.2. In the existing literature, many authors established the existence of solutions for different types
of dynamic systems with non-instantaneous impulses by using the Banach contraction principle. Particularly.
in (Herndndez and O’Regan, 2013), the authors investigated the existence of mild solutions for a new class
of differential equations with non-instantaneous impulses while in (Abbas and Benchohra, 2015), the authors
studied the existence of a unique solution for partial fractional differential equations with non-instantaneous
impulses. Further, in (Zada et al., 2017) the authors considered a nonlinear impulsive Volterra integro-delay
dynamic system on time scales and investigated the ezistence of a unique solution. The works in (Shah
and Zada, 2019) mainly focused on the existence and uniqueness of solutions for the mixed integral dynamic
systems with both instantaneous and non-instantaneous impulses on time scales. In (Shah and Zada, 2022),
the authors studied the existence of a unique solution of the nonlinear Volterra integro-delay dynamic system
with fractional integrable impulses on time scales in the finite-dimensional spaces. However, all these results
are either for the continuous-time domain or for the finite-dimensional spaces, and cannot be directly applied
to the case of the switched dynamic systems on an arbitrary time domain in the infinite-dimensional spaces.
Therefore, the existence and uniqueness result of this paper is new which extends and generalizes the existing
results.

5 Ulam-Hyers Stability Result

Stability analysis is the fundamental property of the mathematical analysis which is very important in many

fields of engineering and science. Ulam and Hyer introduced an interesting type of stability called Ulam-

Hyer’s stability and since then it has been picked up a great deal of attention due to its wide range of

applications in many fields of science, especially in optimization and mathematical modelling. Therefore, in

this segment of the paper, we will investigate the Ulam-Hyers type stability for the system (2.3a)-(2.3c).
Let us consider the following inequalities

(t Ya(0)]D = Ai(®)[y(t) — Tilt,ya(t)] — Wit yp(t))|| < €, t € UL (84, tisa]T,

H L OYIRG(C y(t; ))ACH <e te(tysir i=1,2,...,0, (5.14)

where € > 0 is a constant.
Now, Before giving the main result of Ulam-Hyers type stability, we introduce the following important
definitions.

Definition 5.1 ((Wang et al., 2012), Def. 3.1). Evolution system (2.3a)-(2.3¢) is Ulam-Hyers stable if there
exists a positive constant Hr. 1, 1..9) such that for € > 0 and for each solution y of inequality (5.14), there
exist a unique solution x of the system (2.3a)-(2.3¢) such that

ly(t) — x| < HLy,Ly,Ly0)€ for allt € 1.

12



Remark 5.2. A function y € PCY(I, X) is a solution of the inequality (5.14) if and only if there is G,G; €
PC(1,X), i=1,2,...,9, such that

(i) |G(t)]| <€ forallte Ufzo(si,tiﬂ]qy and ||G;(t)|| < e for all t € (t;, silT, i =1,2,...,7;

(i) [y(t) — (t Ya(t)]® = Ai()ly(t) — Tilt, ya(t)] + Wit yo(t) + G(2), t € Ulg(si, tisr)rs

(i) y(t ft (t— O (Cy(ty DA+ Gi(t), t e (tiysilT, i =1,2,...,9.

Lemma 5.3. If y € PCY(I,X) satisfies inequality (5.14), then for y(0) = xq, the following inequalities

,

(€)= (6, 0)z0 — Yo(0.20)] = Tolt,a(0) — J3 Tt () ol (@) AC] < L,

y(t) T t, Sz |:F(1’y) ft Sg IN (C Z/( ))AC T; (Szaya( z)):| _Tz(ta ya(t))

[T o (W AcH Araitr)
1 v

[0~ 5 st = o et nad| e e s i= 12000,

hold.

t e (0, tl]’]I‘,

, L€ (Si,tiJrl]']]‘, 1=1,2,...,9,

Proof. If y € PCY(I, X) satisfies inequality (5.14), then by Remark 5.2, we have

{[y(t) Ti (t Ya(t)]® = Ai(O)ly(t) — Tilt, ya(t)] + Wit yp(t)) + G(t), t € Ug(si, tia]r,

ft OV TIN(C, y(t; ) AC + Gi(t), t € (ti,silr, i =1,2,...,9. (5.15)

Clearly, from Definition 3.15, the solution of the equation (5.15) with y(0) = z¢ is given as

To(t, 0)[zo — To(0,20)] + To(t,ya(t)) + [y To(t, o(C))(Wo(C, yb(C)) + G(C)AL, t € (0,t1]r,
F(lfy I t—l IR (C (6 )AC + Gilt), ¢ € (tiysilm, i = 1,2,....9,

Tilt. ) { g s = G HE))AC + i) —msi,ya(si))}

+73(t, ya(t)) +st7; (t, o (O)(Wi(C, u(C)) + G(C))AC, t € (s tit]T, i =1,2,...,9.

Now, for any t € (0, ¢1], we have

Hy<t> =Tt 0 = To(0,20)] = Toltsa0) — [ Tolt, (6))alc yb@)mcH <

<t,a<<>>c<c>A<H

< Ce /0 cen(t, o(C))AC

< Ce(1 + /11/)'
v

Also, for any ¢ € (s;,tivi|T, 1 =1,2,...,9,
1 8i 1
o0~ Tt [ [ G DAC = Talssas) | = Vit
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t
- [ T atucmenac) <

Similarly, for any ¢ € (¢;, s;]t, ¢ =1,2,...,9,

Ti(t, si)Gi(si) /Tta

Ce(l +a(l+v)

oAcH

14

o0 - 55 [ 0= 07 et nad <

Hence, the result follows.

O]

Theorem 5.4. If the assumptions (A1)-(A3) and N3 < 1 hold, then the system (2.3a)-(2.3c) is Ulam-Hyers

stable.

Proof. Let y(t) be a solution of the inequality (5.14) and x(¢) is a unique mild solution of the system (2.3a)-

(2.3c¢) which is given by

761(t )[wo — Yo(0,x0)] + Yolt, za(t) + fi To(t,a(C))Wo(C, 25(C))AL, ¢ € (0,t]r,

x(t): F(’y L/ t—l lNl(C,l‘(t;))AC, t e (tiasi]’ﬂ‘, i:1,2,...,19,
i) [y i 5= €07 NG )AC = T ()|
+Yi(t, zq(t)) + fZT (t, o ()i (¢, p(C)) AL, t € (si,tivalr, i=1,2,...,9.

Now, for any t € (0, ],

ly(t) — 2(0)] = Hy (0

H — To(t,0)[zo — Yo(0,20)] —

—To(t,0)[zo — To(0,20)] —

Yo(t,2a(0) - [ %(t,a@))\po(amb(omcH

Yalt.uult) - [ t%(t,a<<>>\1fo<<,yb<<>>A<H

+ [ITo(t, ya(t)) = Tolt, za(t))]] +/0 To(t, o () I1Po(C,15(¢)) — Wo(C, z5(¢))IAC

+ uv
< T D flya() — za(0)] +

Also, for any t € (s;,tiv1|T, 1 =1,2,...,9,

Io(6) = (o) = s(6) it sﬂ[ !

Yi(t,xq(t

/Tta

1%
+ N1y — x| p.

CLy, (1 + fiv) supye(o 4,3, lyp(t) — zo(t) ||
14

(5.16)

T /( — O IR(Gal >>Ac—ri<wa<8i>>]

i(C (¢ ACH

gHyw) ) | [ = ot ac- s a)| = Vbl
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- [ mto@wem@nac) + [T s ot - nicat)a
T s s 50) — Tase (o) + T4t 3a(8)) = Lot a6
+ [ I oI O ~ Wil (G

o G+ a1 +v)) | Ceon(t sty L [ly(ty) — 2t

+ Ceow(ts si) L, [[Ya(si) — za(si)]

v L(y+1)
CLuy, (1 + fiv) supye(s, 1, 1)r 196() — 2 ()
+ Lt lya(t) = wa()] + el
Ce(14+p(14+v
< CULAUE 4,y — o (5.17)
Similarly, for any ¢ € (¢;, s;]t, ¢ =1,2,...,9, we have
TVL|ly — x|

t)—z(t)|| < e+ ——77. 5.18
Iott) —a(0)] < e+ T2 (5.18)

From the above inequalities (5.16), (5.17) and (5.18), we have

Ce(1+ p(1+v))

ly —z[lp < +Ns|ly — z||p for all t € I,

which immediately gives

ly —zllp < HiLy,Lo,L,,0)6

C1+ (1l +v))
I/(l — Ng)

where Hr\ 1,.0,9) = > 0. Thus, the system (2.3a)-(2.3¢) is Ulam-Hyers stable. O

Remark 5.5. Many researchers studied the Ulam-Hyers type stability results for different classes of sys-
tems. In (Wang et al., 2017), the authors established the stability results for the non-instantaneous impulsive
differential equations while in (Abbas and Benchohra, 2015), the authors considered the partial fractional
differential equations with non-instantaneous impulses and established the different types of Ulam-Hyers sta-
bility results. Further, in (Zada et al., 2017), the authors investigated the Ulam-Hyers stability results for the
nonlinear impulsive Volterra integro-delay dynamic systems on time scales. In (Shah and Zada, 2019), the
authors mainly focused on the problem of Ulam-Hyers stability of the mized integral dynamic systems with
both instantaneous and non-instantaneous impulses on time scales. In (Shah and Zada, 2022), the authors
considered the non—linear Volterra integro-delay dynamic system with fractional integrable impulses on time
scales in the finite-dimensional spaces and studied the Ulam-Hyers stability results. Nevertheless, these results
cannot be directly applied to the case of the switched dynamic systems in the infinite-dimensional spaces on
an arbitrary time domain. In this regard, the stability results of this manuscript are completely new even in
the case of the continuous-time domain.

6 Controllability Result

In the previous sections 4 and 5, we established the existence of a unique solution and stability results of
the switched impulsive system (2.3a)-(2.3c), respectively. However, among all the qualitative properties of a
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dynamic system, controllability is one of the most important ones. It has many applications in engineering
including biological networks, filter design, optimal control, pole assignment problem, and safety checking.
Therefore, in this segment, we establish the controllability result for the switched impulsive control system
(2.4a)-(2.4c) by applying the Banach contraction principle.
To establish the controllability results for the system (2.4a)-(2.4c), we define the linear operators W5 :
L*(I,U) — X given by
tit1

Wit = [ Tiltirn,o(O)Bu(QAG, i =0,1,..., 0.

Si

Before giving the main results of this section, we give some important definitions.

Definition 6.1. Switched control system (2.4a)-(2.4c) is exact controllable on I, if for any initial state
ro € X and arbitrary final state x € X, there ewists a function u € L*(I,X) such that the mild solution of
(2.4a)-(2.4¢) satisfies x(0) = xg and z(T') = x.

Definition 6.2. Switched control system (2.4a)-(2.4c) is totally controllable on I, if it is exact controllable
on (0,t1]r and (s;,tiz1]T, i = 1,2,...,9, i.e., for any initial state o € X and arbitrary final states x;,, €
X, i=0,1,...,9, there exists a function u € L*(I, X) such that the mild solution of (2.4a)-(2.4c) satisfies
z(0) = 20 and x(tjz1) = x4, 1 =0,1,...,7.

Next, by using the Definition 3.15, we give the solution of the system (2.4a)-(2.4c) in the next definition.

Definition 6.3. A function x € PC(I,X) is said to be a mild solution of the system (2.4a)-(2.4c), if x(t)
satisfies the following

(i) x(0) = wo;
(ZZ) .%'(t) = F(lfy)fti(t - C)’Y*lNi(C,x(t;))AC, t e (ti,si]']l', 1= 1,2, ce ,19

and the following integral equations

(t) = To(t, 0)[zo — To(0, z0)] + To(t, za(t)) +/0 To(t,0(¢))(o(C, z5(C)) + Bou(¢))A¢ (6.19)

for all t € (0,t1]r and

2(t) = Tilt, s:) [ /Si(sz' = OTTIRG 2(t7)AC = Tilsis zals0) | + Tilt, (1))

1
+ [ Tt o (i, m(0) + Bru(€)A¢ (6:20)

for allt € (si, tiv1]r, 1 =1,2,...,0.
We need the following condition to establish the controllability results.

(A4): (Kumar et al., 2021; Malik et al., 2019): The linear operators W5+' have the bounded invertible
operators (W5t)=1 i = 0,1,...,9, which take values in L2(I,U) \ ker W5*'. Further, there exist
positive constants My,, i = 0,1,...,9, such that [[(WE) =1 < My, .

Also, B; are continuous operators from U to X and there exists a positive constant Mp such that

1Bl < Mg, i=0,1,...,m.
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Now, we are in position to give the important lemmas which require to examine the controllability.

Lemma 6.4. If the assumptions (A1)-(A4) hold, then the control function

t1

u(t) = (Wo) ™tz — To(ts, 0)[zo — To(0, 20)] — Toltr, za(t1)) — ; Tolt1,0(0))Wo(¢, 2 () A (E), t € (0, t]r,
(6.21)

transfers the state x(t) of the system (2.4a)-(2.4c) from xo to x¢, at the time t = ti. Further, the control
function u(t) is bounded on t € (0,t1]r, i.e., [|[u(t)]] < My, for all t € (0,t1]r, where

M, = Mw, [||xtl| +No+ N sup lx(t)lll -
te[0,t1]T

Proof. By using the control function u(t) given by the equation (6.21) in the mild solution z(¢) of the system
(2.4a)-(2.4c) at t = t1, we get

t1

z(t1) = To(t1,0)[zo — To(0,z0)] + Yo(t1, za(t)) + ; To(t1,0(¢)) (o (¢, 26(C)) + Bou(¢))AC

= To(t1,0)[zo — Yo(0,z0)] + To(t1, za(t)) + ; To(t1,0(¢))¥o(C, 25(C))AC

t1
W (wh)! [m (1, 0) [ — To(0,20)] — Yotr, za(tr)) -

%(tl,a«))%(c,mb(omc]

0
= xtl

Further for all ¢ € (0, t1]r, the estimate for the control function u(t) is calculated as
t1
[u(®)]] < Mw, [||~”Ut1|| + 170t O)l[{llzoll + [[To(0, o) ] + To(t1, zaltr))l +/0 H76(t1,0(6))|||‘1’0(C7$b(€))||AC}
< My, [Hfﬂtl I+ Cecw (t1, 0)[[[llzoll + [T (0, zo)[|] + Loy l|za(t1)l] + My
t1
+C [ et o) uylan(@)1A¢

< Mw, [Ilwtl I+ Cecw (t1, 0) [{[lzoll + o (0, o) [} + Lo lza(t1) || + M

N C(Lw, supyepopy]y 12 + Mw)(1 + /ﬁ/)]
1%

< Mw, lllwtlll +No+ Ny sup |[[=(t)]|
te[0,t1]r

= My,.

Lemma 6.5. If the assumptions (A1)-(A4) hold, then the control function

u(t) = (VV?H)_l [-Tti+1 — Ti(tit1,5i) <F(1’Y) /:i(sz' — O (¢ () AC — Ti(si,xa(sz’))>
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tit1

- Ti(ti+17$a(ti+l)) - 7;(751'+1,0'(C)\I’i(g, :L‘b(C))AC] (t), t e (Si, ti+1]’ﬂ‘a 1= 1, 2, ey ’l9, (622)

Si

transfers the state x(t) of the system (2.4a)-(2.4c) from xo to x4, at the time t = t;y1. Further, the control
function u(t) is bounded on t € (s, titi|r, @ = 1,2,...,9,, i.e., |[u(t)]| < My, for all t € (si,tit1]r, ¢ =
1,2,...,9, where

Mui = MWi thi+1 H + N2+ N3 sup H.%'(t)” .
t€[sistitlr
Proof. By using the control function u(t) given by the equation (6.22) in the mild solution z(t) of the system
(2.4a)-(2.4c) at t = t;41, we get

oltisn) = Tt s) [ [ = O UG DAC = Tulsin(o)| + Viltisr,mn(0)

tit1
+ | Tiltivr, 0 (Q(W(C, 25(C)) + Biu(C) AC
Si tit1
= Titisroo) | [ (5= O NGl DAC = Titosa(s)| + [ Tt o uGn0)AC

+ Yi(tiv1, za(t)) + W?H (me)fl [xtm = Ti(ti+1,si) (F(ly) /:i(si — O IN(C, w(t)AC

tit1

(s xa<si>>) Ailtienzaltio) — [ Tt o(OWC, xb<<>>A<]

Si

= .’L‘tl
Further, for all ¢t € (s;, tiy1]T, i = 1,2,...,7,, the estimate for the control function u(t) is calculated as

[u@)} < My, |llze o |+ [ Ti(Eign, so)l L Si(sz‘—C)”’lHNi(C,x(tf))IIACJrHTi(Suxa(sz‘))H
F(’Y) t;

@)l + [ 1T o O G ne)lIA

1 Si _ _
< Mw, [HJRMH + Cecw(tit1, 8i) (F(’V)/ (si = O ML, lz(t;) | + My)AC + Ly, |lza(s0) || + MT)
t;
tit1
+ Ly, [|za(®) || + My + C/ eov(tit1, o (C) (L, [|zp(Q)[ + M@)Ag}
Ceap(tivi, si) (L, SUPrels, 1,11 12(0) ]| + My)T7
: Ak + Cesy(tit1,si)Ly, sup z(t

T+ 1) ov(tit1, si) te[si,ti+1]qr|| (t)]

C(L\I/z Supte[Si,ti+l]T ”I(t)” + M‘P)(]‘ + l’“/):|

< MWi |:||37ti+1 H +

+ Cecp(tiy1,si) My + Ly, sup |z(t)] + My +

tE[qu,tH_l]']r v

t€[ss,tiqp1]T

< MWz‘ [”mti-u H + N2 + N3 sSup Hﬂf(t)H]

= M,,.
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We set

CMpMw (1 + oy
Mw = max;— 1, 9{Mw,}; Q1= . V\I//( =

; Ny =No(1+ Q1)+ Qullwg, [l; N5 =Ni(1+Q1);
Ng = No(1 + Q1) + Q1w [I; N7 = N3(1+Qu);
Now, we give the main theorem of controllability.

Theorem 6.6. If the assumptions (A1)-(A4) hold, then the system (2.4a)-(2.4c) is totally controllable on I,
provided N7 < 1.

Proof. Consider a subset Do C PC(I, X) such that
Dy ={z € PC(I,X) :||z||p < da},

where

{ N4 MRT” Ng }
0 = max .

1—N7’ F(7+1)(1—N7)’ 1— Ny

Now, we define an operator f o : Do — Dy such that

r761(t,0)[$0 — Yo(0,20)] + Yolt, za(t)) + [ Tolt, o(C))(Wo(C, z5(C)) + Bou(C)AL, t € (0,t1]n,
=t =1y, (- s 71': o
(Foz)t = TV Jult = OTRG 2t DAC, te (tisin, i=1,2,...,0

i) [y 075 = 7 a(1) G = Vs afs)|

it 2a(t) + [1 Tilt, o (O)(Wi(C20(C)) + Biu(()) AC, t € (sistipalr, i =1,2,...,9,

where u(t) is given by the equations (6.21) and (6.22) in the intervals (0,¢1]r and (s, tiv1]T, 1 =1,2,...,9,
respectively. It is clear from the Lemma 6.4 and 6.5, x(t) satisfies x(t1) = x4, and z(tiy1) = 4, @ =
1,2,...,9. Thus, to demonstrate the controllability of the switched control systems (6.26), we need to show
that the operator Fo has a fixed point. For the simplicity, we split the proof into the following two main
steps:

Step 1: We shall show that f 2 maps Dy into Ds. Let for any ¢ € (0,t1]r and = € Dy, we have

[(Fa2)t] < Cecu(t,0)[llzoll + [ To(0, zo)[|] + [To(t, za ()] + C/O eow(t, a(0)IWo(C, 2(C)) | AC

e / eon(t,0())]|Bou(¢) | AC

C(Lwo supseio, ) [[26(0)|| + My)(1 + fiv)

< Ceew(t, 0)[llzoll + [0 (0, zo)I] + Lrvo |lza(B)]] + My + »

n CMBMuo(l + /]I/)

14
CLy 0o(1 + v CMpMw. (1 + av
< No+ Ly + vot20 0 1) | CMEMwo(L4 ) 1y NG 4Ny sup [l2(0)]
v v tE[O,tl]'ﬂ‘
< No + N1d2 + Qi (||, || + No + N1d2)
< Ng + N5dg < 9. (623)
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Now, for any ¢ € (s;, tit1]r, ¢ =1,2,...,9 and x € Do,
1 si _ _
107201 < Ceonltom) |5 [ (5= O NGl DIAC + Tl + Tt

+€ [ eant QU aONAC+C [ eant.ale)|Bul¢))IAG

(L, lz(t) ] + My)td

< Ceeu(t, i) [ IQW—%l) L4 Ly l|lza(s)|| + My

+ C(L‘Ijz SuptE[Si,ti+1]T HHH;(t)H + M\I’)(l + ﬂV) + CMBMuz(l + /:LV)
v 1%
< N2 + N3d2 + Q1 (||z¢,, || + N2 + N3dz)
< Ng + N7d2 < 09. (6.24)

+ Ly, Jza ()] + My

Similarly, for any ¢ € (¢;, siJt, i =1,2,...,9 and = € Dy,

I o _
(2l < 5 / (t— O NG 2t )| AC

Myt
< ————— + N7dg < do. 6.25
< ANy < (6.25)
From the above equations (6.23), (6.24) and (6.25), for all ¢ € I, we have
[Faz|[p < d2.

Hence, F 2 maps Dy into Ds.
Step 2: Here, we shall show that the operator F 5 is a contracting operator. Let for any ¢ € (0,¢1]r and
x,y € Dy, we have

I(F22)t = (Fay)t]

< [ To(t, za(t)) = To(t, ya ()l + C/O eow(t, o(0)) 1o (¢, 25(C)) — Yo (S, wu(O) [ AC
+ C/ eew(t, o ()M [uz(C) — uy (O)| A
0
< Lygllza(t) — ya ()| + C/ eew(t, 0(C)) L, [|l26(¢) — yn(O I AC + CMp Mw, / eew(t,o(7))
0 0

X [lTo(th Ta(t1)) — Yolty, ya(te))] + C/O 1 eew(t1,0())[[Wo(C, 25(C)) — ‘Ifo(C,yb(C))IIAC] AT

CLuwq Supyefo ]y l26(t) — yp()]I(1 4 fv)
1%

Logllwa(ts) — ya(t1)]| +
CQ1Ly,(1 +/W))
12

< Lygllza(t) — ya ()] +
CMBMWO(l + ,L_U/) |:
1%

CLw, supseo 4,1, lzn(t) — yu () [1(1 + MV)]
14

+ QiLy, ++

_l_
CLy,(14+ [
§<Lm+‘mgﬂﬂ lz — yllp
N

<Ni(1+Qi)lfz —yllp
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< Nillw =yl (6.26)

Similarly, for any ¢ € (s;, tir1]r, ¢ =1,2,...,9 and z,y € Do,
1 s _ _ _
[(F2z)t — (Fay)t|| < Cecu(t, si) [w/t (si = O NG, 2(8)) = NilC w(t)) | AC

+1Ti(si, zalsi)) — Ti(sz',ya(sz'))ll} it a () = Tit ya(t))]]

+C . e@u(t7U(C)H\IIi(<7xb(C)) - \Ijz(g7yb(<)>”AC
+€ [ ean(t.a(OIBIlus(0) - wy(OAC

< Ceon(t, 51) [F(l,y) / 5= O I l2E7) — () IAC + L, [als) — va(si)]

t;

+ L [|za(t) — ya(@)] + C / eow(t, 0 (Q) Ly, [|l26(¢) — yp()IIAC

- CMisMy, / ecu(t, o(7) {Ce@yum, ) (F(l,y) / (s — O I l2E) — w1 AC

t;

i

+ Ly, ||za(si) — ya(Si)”) + L, ||wa(tivt) — ya(tiv1)||

tit1
# € [ caultinn o Lullon©) - (1A ar

<N3(1+ Q1)ljz —yllp
< N7llz =yl p. (6.27)

Similarly, for any ¢ € (¢;, s;]t, ¢ =1,2,...,9 and z,y € Dy,
I _ _ _
07220t = (a5 [ (0= P NG () = R DIAG

< N7llz —yllp (6.28)

From the above equations (6.26), (6.27) and (6.28), for all ¢ € I, we have

|F 2z — Fayllp < N7l|lz — yllp.

Hence, [ 5 is a contracting operator.

Now collecting the step 1 and step 2 along with the Banach contraction principle, we can conclude that
the operator f o has a unique fixed point which is the solution of the systems (2.4a)-(2.4c) and hence the
system (2.4a)-(2.4c) is totally controllable on 1. O

Remark 6.7. In the existing literature, many authors established the controllability results for the different
types of dynamic systems by using different techniques for the continuous and discrete-time domain, but
they are studied separately. Particularly. in (Agarwal et al., 2009), the authors studied the controllability
of two classes of first-order semilinear functional and neutral functional differential evolution equations with
infinite delay by using the fized point theory. The work in (Malik et al., 2019), focused on the controllability
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of non-autonomous nonlinear differential systems with non-instantaneous impulses by using Rothe’s fized
point theorem. Very recently, few authors studied the controllability problems for the impulsive dynamic
systems on time scales in finite-dimensional spaces. In (Lupulescu and Younus, 2011), the authors studied the
controllability and observability results of the time-varying dynamic systems with instantaneous impulses on
time scales. In (Ben Nasser et al., 2021), the authors studied the reachability and controllability results for the
time-varying linear systems evolving on time scales while in (Yasmin et al., 2020), the authors investigated the
controllability results for the linear impulsive adjoint dynamic system on time scale. Furthermore, in (Pervaiz
et al., 2021), the authors studied the controllability and stability analysis of fractional delay dynamical systems
with both instantaneous and non-instantaneous impulses on time scales. However, for the considered class
of systems of this paper, this is the first attempt to deal with the controllability results on the arbitrary time
domain. Since the problem is formulated in terms of time scales, and thus the obtained results can be applied
to the continuous-time domain, discrete-time domain as well as any combination of these two; henceforth the
results of this manuscript are completely new which extends and generalizes the existing results.

7 Examples

In this section, we will give some examples to illustrate the obtained analytical results obtained in previous
sections.

Example 7.1. Consider the following partial dynamic equation on time scale in X = L?[0, 7|r.

d it + cos(X(a(t), & 0? it + cos(X(a(t),&
At Xx(t,6) - 15<et4(r?i() ))} pi(t, é)A 2€2 [ (t,) - 15(et£2i() )

tsin(X(b(t),€))
(1 4 4)eli+t?)?

+di(€)S(t,€), t € ULo(si, tiya]r, € € [0, 7,

X(t,0) = X(t,7) = 0, t € T = [0, T, (7.29)
_ _y L+ cos(iX(t7,€)) L
X(t,€) = F(v)/t (1=t e (s, = 1,200,

%(0,5) = 2o, { € [O,TI’]T,

where A; and Ay denote the partial derivative of order one and two, respectively. T is a time scale with
t;,s; € T are some points which satisfy the relation 0 = sg = tg < t1 < 51 < ta < ...s9 < tys1 = T. The
functions a,b: I — I satisfies a(t),b(t) < t. X,85,0; : To x [0,7]r — R, are the real valued functions where

TO — z 0[87,7tl+1] )

Now, we define the operators A;(t) by A;(t)x = Bi(t,€) 85 z for all x € D(A;) = {z € H0, 7] N

H?[0, 7|7}, where H}[0, 7]y and H?[0, 7]t are the Sobolev spaces (Wang and Agarwal, 2014; Edmunds and
Evans, 2018). Clearly, it is well known that 4;(t) generate the evolution operators {7;(¢,s) : (t,s) € I x I :
t > s} such that ||T;(t,s)|| < Cecu(t,s) for all (t,s) (t > s) with C =1 and v = 1 (please see (Dhama and
Abbas, 2019; Wang and Agarwal, 2014)).

Now, for (¢,€) € I x [0,x],B; € B(U, X), we set x(t) = X(t,-), i.e., x(t)(§) = X(¢, ),

it + cos(X(a(t), €)) tsin(X(b(t),€)) .
156t+2i (1 + Z) (Z+t2)2 9 Z 07 17 . e ,197

1+ cos(iX(t;, & . .
(it +(1)2(et+3 ))v i=1,2,...,9, Biu(t)(§) =d;S(t,&), i=0,1,...,9.

Ti(t, za(1))(§) =

, Wity ze())(€) =

Nt 2(t;7))(€) =
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With this formulation, the equation (7.29) can be rewritten in the abstract form (2.4a)-(2.4c). Clearly, we
can see the functions Y;, ¥;, ¢ = 0,1,...,9 and N;, i = 1,2,..., ¢, satisfy all the assumptions of Theorem
6.6, and hence the system (7.29) is totally controllable on I.

Example 7.2. Consider the following impulsive system when X =R

[:r(t) - tsin(fﬂa@f))r 8 [x(t) ) tsin(xa(t))} L3 eos(at) |

et2+3 T or 3u(t) ot2+3 o(t+3)2 el+t2’ t € (0, tr,
tsin(zq ()14 -3 tsin(zq(t)) 3+ cos(zp(t)) t?
[m(t) T2+ | 24 3u() x(t) - 93 | T T o o LS (51, T,
1 P (5 + cos(z(t7)))
o(t) = / AC, 1€ (1, 1], (7.30)
r (%) t 15eC°+1(t — ()%

z(0) = 1.

The system (7.30) can be written in the form of (2.1), where r(t) =4, t; <t < t;iy1, i =0,1,
N =050 =1,20 = 1,

-3 -2 _ tsin(x,(t))

= =———-, Yi(t,z, = —— 55 =01,
Adt) = g A0 = Ty Tita(®) = TESEL i
3+ cos(ap(t)) 2 —v _ (Btcos(iz(t;)) .
\Iji(ta wb(t))) - e(t+3)2+i 61+t2 y 1= 07 11 Ni(tv x(ti )) - 156it2+1 y L= L.

Here Ty(t,s) = e@%(t, s) and Tu,(t,s) = esa(t,s) and hence [|7;(¢,s)| < 69%(t7 s), i = 0,1, therefore
Ti(t,s), i = 0,1, are exponentially stable where C = 1 and v = % Next, we consider the two cases for
different time scale as follows.

Case 1: When T = R. We choose tqg = 0,t; = 0.4,s1 = 0.5,T = 1,a(t) = b(t) = t?/4. Also, we choose the
desire points as x(t1) = 2 and z(T') = 1. Now, from the Figure 2, it is clear that the trajectory of the system
(7.30) does not passes throw the desire points z(t1) = 2 and z(T) = 1. But after adding a control function

State x(t)
0.9 Impulse x(t)

State x(t)
o
[¢)]

0.1 / B
o ; ; ; ; ; ; ;

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (1)

Figure 2: State trajectory of the system (7.30) when T = R.
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( t1 sin(xz,(t
(Wél)(*l) <2 — €@g(t1, 0) — 1€t(%+g(1))

COS(T 2
i eay(o@) (S w s )ad) @), re unl

TV (1 _ ¢ 5 1 (5—1—005( (ty

)
—¢)
3 + cos(x
- fsj: €o2 (T7 U(C)) ( €(<+3()2i(1€)) 1+<2 > )

)2 AC— s1 sin(l‘a(sl))) _ T'sin(zq(T))

26 1+3 26T2+3

t)? tE 817 ]T?
\

where
t1 T
Wi = ["ecy(eno(©)acamawl, = [ ecato(cnac

with By = By = 1, in the system (7.30), one can easily calculate

State x(t)
Impulse x(t)

State x(t)

0.8
0.6
0.4
0.2
o ; ; ; ; ; ; ; ;
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (1)

Figure 3: Totally controlled trajectory of the system (7.30) when T = R, z(¢1) = 2 and z(T") =

CMpMw (1 + av)

Wit = 3.3246, W1 =3.1640, Q1 = = 2.2164,
14
LN]Ty CL\p(l + ﬂy)
Ny =C(| - 4 Ly ) + Ly + —— 2 —0.1771,
’ (m +1) T) ' v

N7 = N3(1 + Q1) = 0.5697.

(7.31)

1.

Thus, the assumptions of Theorem 6.6 are fulfilled. Therefore, the system (7.30) is totally controllable and

the totally controlled state trajectory is shown in Figure 3.
Case 2: When T = [0, 1]g U [2,3]g = J(say). We choose tyo = 0,t; = 0.4,s1 = 0.5,T = 3, a(t)

= b(t) = /3.

Also, we choose the desire points as x(f1) = 3 and x(7") = 2. Now, from the Figure 4, it is clear that the
trajectory of the system (7.30) does not passes throw the desire points z(¢;) = 3 and z(T) = 2. But if we
add a control function u(t) given by the equation (7.31) with By = B; = 1, in the system (7.30), we can find

W = 2.8429, WI =1.9155, Qi = 1.8953, N3 = 0.1975, N7 = 0.5718.
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1 T T T T T T T T T T T T

State x(t)
0.9} . . - Impulse x(t)

0.8 - 4

State x(t)
o
(4]

0.1 /\_ —— ]

00 012 0.4 0‘.6 0‘.8 1‘ 1‘.2 1‘.4 1.‘6 1‘.8 é 2.‘2 2.‘4 2‘.6 2‘.8 3
Time (1)

Figure 4: State trajectory of the system (7.30), when T = J.

Thus, the assumptions of Theorem 6.6 are fulfilled. Therefore, the system (7.30) is totally controllable and
the totally controlled state trajectory is shown in Figure 5.

3 T T T T T T

State x(t)
Impulse x(t)

State x(t)
[}

o 0.3 0.6 0.9 1.2 1.5 1.8 21 2.4 2.7 3
Time (1)

Figure 5: Totally controlled trajectory of the system (7.30), when T = J, z(t1) = 3,2(T) = 2.

Conclusion

We have successfully established some qualitative properties for a class of switched evolution system with
impulses over a arbitrary time domain. More precisely, first we established the existence and Ulam-Hyers
type stability results and then we established the total controllability results for the considered systems.
We applied the time scales theory, functional analysis, evolution operator theory, and fixed point theory to
established these results. Furthermore, we have given two examples for different time domains to illustrate
the obtained analytical results. As further directions, the developed methodology can be used to control an
epidemic such as COVID-19 by different measures (confinement, vaccination,... etc.) (Noeiaghdam et al.,
2021; Silva et al., 2021; Tyagi et al., 2021).
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